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Here, we investigated whether EV efficacy varied according to administration timing by using the ER + breast cancer cell line MCF-7 as model system. Our results showed that instead of apoptosis, EV induced a G0/G1 phase blockage of MCF-7 cells. Following serum shock, MCF-7 cells displayed a statistically significant 24h rhythm of mammalian target of Rapamycin (mTOR) activity, but perturbed circadian clock genes oscillations. Interestingly, the different delivery schedule of EV presented different efficacy in G0/G1 phase blockage in serum shocked MCF-7 cells. Moreover, serum shock induced also a circadian-like oscillation in expression or activity of several important G1 phase progression proteins, such as Cyclin
D1 and phosphorylated Retinoblastoma protein (RB). Inhibition mTOR activity by EV
reduced Cyclin D1 and Cyclin D3 protein level as well as RB phosphorylation level. Taken together, the results indicated that serum shock synchronization induced a circadian oscillation in mTOR activity in MCF-7 cells, which rhythmically regulated the synthesis or phosphorylation of key G1 progression proteins, such as Cyclin D1 and phosphorylated RB, ultimately resulting in different G0/G1 blockage efficiency according to different EV administration timing.
Introduction:
Breast cancer is the most invasive female cancer, accounting for 25% of all cancers in women and resulting in 1.68 million cases and 522,000 deaths worldwide in 2012. 1 Nearly 70% of breast cancers express estrogen-receptors (ER + ) and hence benefit from anti-estrogen therapies. Recent therapeutic progress has led to combine anti-estrogens with Everolimus (EV), an inhibitor of the mammalian target of rapamycin (mTOR) pathway/signaling, in order to avoid or reduce resistance to estrogen receptor targeted drugs.
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The mTOR is a serine/threonine protein kinase in the phosphatidylinositol 3-kinase-related kinase protein family. mTOR participates at least the formation of two distinct multi-protein complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2), which play important roles in cell growth, cell proliferation, metabolism and survival. EV binds to its protein receptor FK506 binding protein 12 (FKBP12) to form a complex, which inhibits the activity of mTORC1. One of the most important roles of mTORC1 is to promote protein synthesis by phosphorylating the eukaryotic initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) and the p70 ribosomal S6 kinase 1 (S6K1). The phosphorylation of 4E-BP1 inhibits the interaction between 4E-BP1 and eIF4E, finally promotes cap-dependent translation. The phosphorylation of S6K1 by mTORC1 increases mRNA biogenesis, promotes cap-dependent translation and elongation, and the translation of ribosomal proteins etc.. [7] [8] [9] mTOR signaling is commonly deregulated in most human cancers. Hence, it is considered as a target for anticancer treatments, especially for kidney and neuroendocrine malignancies, as well as ER + breast cancers. [2] [3] [4] [5] [6] [7] [8] [9] Furthermore, mTOR activity displays a circadian (about 24 hours) variation in different mouse tissues and cells, including heart, liver, spleen, adipose tissue and brain (as cerebellum, frontal cortex and suprachiasmatic nucleus) etc., as well as in primary lung fibroblasts and renal carcinoma cell RenCa etc.. [10] [11] [12] [13] [14] [15] TGGGTTGTTTTCCAGGTGCCCTCG. Hybridization temperature for all primers was 60°C.
The relative quantification of target RNA by using 36B4 as a reference was computed with the Relquant software (Roche, Bâle, Switzerland), which is based on the 2(-ΔΔT) method.
Flow cytometry analysis
Cells were trypsinized by Trypsin-EDTA (ThermoFisher, MA, USA), then fixed with ice-cold 
Generation of bioluminescence reporter cell lines and bioluminescence imaging
The lentiviral circadian bioluminescence reporter constructs pLV7-Bsd-p(Bmal1)-dLuc 
Statistical analysis
For flow cytometry analysis, statistically significant differences were determined by two-way ANOVA or by t-test by using GraphPad Prism version 6.0. Error bars represent standard error of the mean (SEM) or standard deviation (SD) of independent experiments. For western-blot or qRT-PCR, time-dependent differences were first statistically validated with one-way ANOVA. If the time-dependent differences is significant, the results were then analyzed by
Cosinor algorithm based on Fourier transformed analysis for sinusoidal function using SPSS to determine if the variation corresponds to a sinusoidal waveform over the circadian period.
The Cosinor analysis provided the following parameters estimates: mesor (rhythm-adjusted mean), amplitude (difference between mesor and maximum of best-fitting cosine function), and acrophase (time of maximum in best-fitting cosine function). These parameters are reported with their respective 95% confidence limits. For bioluminescence recording, the circadian period and the statistical significance of the computed period are determined by
Periodogram analysis.
Results mTOR activity displayed a rhythmic variation after serum shock
An about 24 hours (24h) oscillatory pattern in phosphorylated S6 ribosome protein was found in MCF-7 cell populations after serum shock ( Figure 1A and 1B) . As one of the main mTOR effectors, Ribosomal protein S6 phosphorylation level was used as a proxy for mTOR activity. [8] [9] In three independent experiments, phosphorylated S6 ribosome protein gradually increased from T8, reached a peak between T12 to T20, then decreased toward a nadir around T24 to T28, and rose again at T36 ( Figure 1B) . Time-dependent differences were statistically validated with one-way ANOVA (p=0.03). A statistically significant 24h oscillation in phosphorylated S6 ribosome protein was further suggested by Cosinor analysis (p=0.0002), with a double-amplitude of 38% ± 14% relative to the rhythm-adjusted mean (Mesor), and an Acrophase occurring at 16h27min ± 1h35min ( Figure 1C) . However, no apparent time dependent differences were observed for total S6 protein expression (one-way ANOVA, NS;
Cosinor, NS; Figure 1C ). In contrast, unsynchronized MCF-7 cells did not show significant time-dependent differences in neither phosphorylated S6 nor total S6 protein expression (oneway ANOVA, NS; Figure 1D and 1E)
The oscillatory pattern in mTOR activity was consistent in every cell cycle phase
The use of the tri-staining method (Ki67 antibody, PI and phosphorylated ribosomal protein S6 antibody) for cytometry analysis, enabled us to assess mTOR activity dynamics in distinct cell cycle phases (Figure 2A and 2B) . A consistent oscillatory pattern in S6 phosphorylation level was found in G0/G1, S and G2/M phase cells that persisted for two consecutive 24h cycles after serum shock ( Figure 2C ). Higher phosphorylated S6 expression occurred at T12 and T36, in alternation with lower ones at T0, T24 and T48. Irrespective of sampling time, phosphorylated S6 levels were higher in S and G2/M phase cells compared to G0/G1 phase cells ( Figure 2D ).
Lack of evident circadian oscillation of Bmal1 expression in serum shocked MCF-7 cells
Previous study on Bmal1 -/-mice revealed the implication of Bmal1 in mTOR signaling regulation 11 ; we therefore probed Bmal1 expression in serum shock MCF-7 cells to check if there existed one circadian oscillation pattern in Bmal1expression. The lack of detectable Bmal1 expression oscillation was confirmed in serum shocked MCF-7 cells at mRNA and protein levels by qRT-PCR and western-blot respectively (Figure 3B-3C ).
One-way ANOVA ruled out statistically significant time dependent differences in Bmal1 mRNA and protein expressions.
Moreover, no obvious time related oscillatory pattern was found in both mRNA and protein expression of other clock genes (Per2, Rev-Erbα and Cry2) in serum shocked MCF-7 cells over 36 hours (data not shown).
Serum shock induced rhythmic Cyclin D1 and pRB expressions and synchronized cell cycle in MCF-7 cells
Although no rhythmic mRNA and protein expression of the core circadian genes could be detected following a serum shock, Cyclin D1 and phosphorylated RB (pRB), two key G1 phase proteins displayed oscillatory patterns, with a period around 24h (Figure 4A and 4B) .
Time-dependent differences were statistically validated with one-way ANOVA (Cyclin D1, p= 0.0003; pRB, p=0.04). Cosinor analysis further validated a 24h period (Cyclin D1, p=0.0062; pRB, p=0.0017 Figure 1C ) and revealed a double-amplitude of 62% ± 34%
relative to mesor and an acrophase occurred at 18h10 min ± 2 h 15 min for Cyclin D1; for the pRB protein rhythm, the double-amplitude relative to mesor is 44% ± 18% and the acrophase was located at 18h32 min ± 1h56 min ( Figure 1C) . The 24h oscillation in Cyclin D1 and pRB expressions indicated that serum shock induced cell cycle synchronization. Cytometry analysis further confirmed that an accumulation of cells in G1/G0 phase at T0 which then released into S at T24 (Figure 4C ).
Everolimus inhibited MCF-7 cells proliferation without inducing apoptosis
Using In order to imitate different clinical dosing time (one time every day, morning or evening), serum shocked MCF-7 cells were exposed to EV for 24h under three different time schedules:
T0 to T24, T12 to T36 or T24 to T48 respectively. G0/G1 blockage was used to determine EV anti-proliferative effect ( Figure 6A ). EV exposure from T0 to T24 or exposure from T24 to T48 induced a more evident G0/G1 blockage compared to EV exposure from T12 to T36 in serum shocked MCF-7 cells (Figure 6B and 6C) . In matching up to the control, EV exposure from T0 to T24 and from T24 to T48 increased respectively 27.5%±5.5% and 17.3%±3.6% G0/G1 phase cells. However, G0/G1 phase cell is only increased 7.19%±2.5% when MCF-7 cell was treated from T12 to T36. The time dependent efficacy of EV in serum shocked MCF-7 cells is statistically validated for T0-T24 VS T12-T36 (p=0.0022) and T24-T48 VS T12-T36 (p=0.0186). However, there is no significant difference for T0-T24 VS T24-T48. ( Figure   6C ).
The increase in the proportion of G0/G1 phase cells matched significant decreases in both S and G2/M phase cells when EV dosing is started at T0 or T24. However, EV exposure starting at T12 did not significantly reduce the proportion of S or G2/M cells compared to controls ( Figure 6B) . Hence, the blockage efficacy was largely higher following drug exposure at either T0-T24 or T24-T48 compared to T12-T36.
The cytometry and western-blot analysis revealed that after a 24h incubation with 1uM EV, S6 phosphorylation was strongly inhibited in the three different conditions (T0-T24, T12-T36 or T24-T48). (Figure 6D-6E ).
EV inhibited Cyclin D1 and Cyclin D3 expressions as well as RB phosphorylation
Western-blot analysis revealed that inhibition of mTOR activity by EV further decreased Cyclin D1 and Cyclin D3 protein levels ( Figure 7A-7B) . Importantly, inhibition of mTOR by EV did not decrease RB expression but only its phosphorylation. As Cyclin D and phosphorylated RB (pRB) play an essential role in G1 phase progression, EV induced diminution of Cyclin D and pRB provided a potential explanation of the G0/G1 arrest induced by EV.
Discussion:
Here we tried to understand how and why the administration time of Everolimus could affect its anti-proliferation efficacy by using ER + breast cancer cell line MCF-7 as a model.
We found that mTOR activity, the target enzyme of EV, displayed a 24h rhythmic pattern in serum shocked MCF-7 cells. EV dose dependently arrested MCF-7 cells in G0/G1 phase without eliciting detectable apoptosis. This result was consistent with previous results suggesting that several pan-mTOR inhibitors induced also cell cycle arrest but not cell death. 27 Interestingly, the extent of EV induced G0/G1 blockage varied significantly according to EV administration time in the serum shocked MCF-7 cells. Normally, serum shock is used to synchronize both the cell cycle and the circadian clock, two essential biological oscillators which are all around 24h. 28-29 Especially, these two process share some common elements in biochemical and molecular regulation, like hormones, growth factor, Ebox and bHLH transcription factors and can be reset by light or serum response, etc.. 23, 28 The conservation of essential elements for the molecular regulation of circadian and cell cycle underlies similarities in the dedicated molecular mechanisms, which allow both the ordered progression along cell cycle and the maintenance of circadian rhythm. Recent studies revealed also possible molecular interaction between the endogenous circadian clock and cell cycle. However, after a serum shock, MCF-7 cell exhibited surprisingly a rhythmic pattern of mTOR activity as well as a synchronized cell cycling and a significant 24h rhythms in G1 phase progression proteins, such as Cyclin D1 and phosphorylated RB.
Increasing mTOR activity was shown to drive cell cycle progression and increase cell proliferation mainly thanks to its effect on protein synthesis. Indeed, it was reported that mTOR activity regulated Cyclin D1 translation through phosphorylating S6 kinase or 4E-BP1. [43] [44] Similarly, Rapamycin, an EV analog, decelerated the accumulation of Cyclin D1 during p21 induced cell cycle arrest. 45 Our results revealed mTOR inhibition by EV could decrease Cyclin D1 and Cyclin D3 protein expression, but not alter P21 expression.
Interestingly, the mTOR activity peak started at T12, slightly before the Cyclin D1 expression peak (T16), suggesting that induction of Cyclin D1 expression after mTOR activation takes several hours. Usually, Cyclin D-Cdk4/6 dimer phosphorylates RB protein in G1 phase cell, which releases transcription factor E2F from phosphorylated Rb and become active to drive G1 to S phase transition. As RB is one of the main substrates of Cyclin D-Cdk4/6 dimer, it is reasonable that Cyclin D1 expression and RB phosphorylation presented a similar oscillation tendency and arrive to their peak at the same time. Moreover, EV induced only a decreased RB phosphorylation level but not total RB expression, which suggested that mTOR is not directly involved in RB expression. The decreased RB phosphorylation could be due to the diminution of Cyclin D expression. Taken together, our results suggested that the oscillation of mTOR activity might induce the oscillation of expression or phosphorylation of some G1
progression proteins, which in turn could couple it to cell cycle progression. In view of the rhythmic activation of mTOR, when EV was added at different times on serum shocked MCF-7 cells which had different mTOR activity level, different G1 progression proteins levels and therefore different cell cycle progression probabilities, it was reasonable the cells presented varied EV sensitivity.
The optimal cancers therapy should be to minimize the toxicity of drug to the host but maximize its effect on the tumor. But unfortunately, in most cancers the clinicians have to apply higher toxicity to gain good efficacy. Based on our results and a growing literature on chronotherapy, 18-20 drug dosing timing has the potential to become a critical factor, but currently its importance is underestimated. Chronotherapy aims to design optimal drug dosing schedules based on physiological circadian rhythms, which could increase its efficacy and reduce its toxicity. [16] [17] [18] The in vitro MCF-7 model investigated here provides useful hints toward EV chronotherapy in human ER + breast cancer. A striking finding was that chronoefficacy of EV seemed not require canonical circadian rhythm of core molecular clocks.
Moreover, exogenous signals to synchronize the molecular clocks also coordinate and couple rhythmic mTOR activity and cell cycling with about 24h periods. These results suggested the potential importance of clock gene independent rhythms in chronotherapy. Clock gene independent rhythms appear pervasively in biology, as shown with the highly conserved Peroxiredoxins biochemical circadian clock, and the cell autonomous 12h clock in mouse liver, which coordinated ER and mitochondrial functions independently from the genetic circadian clock. [46] [47] Even in MCF-7 cells who did not possess one net clock gene rhythm, the serum shock could still induce rhythmic mRNA expressions of more than 400 genes. 41 Thus, in chronotherapy, how to take into account not only clock gene dependent rhythms but also clock gene independent rhythms will be a new potential clue for the future. Remarkably, the xenografting of MCF-7 cells into nude rats could re-establish a circadian pattern in Bmal1 transcription, suggesting that the importance of host circadian time cues in the circadian coordination of cancer cells in vivo. 42 Thus, if it is possible to re-establish cancer cell's rhythm by reinforcing the breast cancer patients' rhythms which are often deregulated during cancer progression, how to take in consideration the interaction between cancer cells and health host cells also need to be considered for jointly optimizing EV chronotherapy effects.
The chrono-efficacy of EV found here provided a new perspective for cancer chronotherapy, which could be potentially applied to other anticancer agents. Western-blot revealed a rhythmic change of mTOR activity in MCF-7 cell after serum shock (3 independent experiments). MCF-7 cells were harvested every 4h after serum shock for 36h. The first time point (T0) was taken just after the serum shock. The phosphorylation level of S6 was used to evaluate mTOR activity. Actin was used as a control of protein loading to calculate phosphorylated S6 and total S6 level at every T time.
C):
The table resumed Cosinor analysis which revealed a statistically significant 24h oscillation in phosphorylated S6 ribosome protein, Cyclin D1 and phosphorylated RB protein, but not in S6 protein.
D and E):
Western-blot showed mTOR activity in MCF-7 cell without synchronization (3 independent experiments). The non-synchronized MCF-7 cells were harvested every 4h for 36h as the synchronized MCF-7 cells. Actin was used as a control of protein loading to calculate phosphorylated S6 and total S6 level at every T time. The combination of anti-piS6-APC, Ki67-FITC and PI in cytometry analysis allowed to determine mTOR activity of cells in different cell cycle phases. The combination of Ki67 and PI allowed to determine cell cycle phase distribution and mTOR activity is indicated by phosphorylated S6 level.
C):
Cytometry analysis revealed an oscillatory pattern of mTOR activity in every cell cycle phase of MCF-7 cell. The first time point (T0) was taken just after the serum shock. Cells were then harvested at indicated times after synchronization. The Phospho-S6-APC level of every cell cycle phase (G0/G1, S, G2/M) at every T time (T0, T12, T24, T36 and T48) was calculated from 6 independent experiments.
D):
The cells in S and G2/M phases presented one higher S6 phosphorylation levels compared to cells in G0/G1 phase at each sampling time T. 
B):
Western-blot analysis did not revealed an obvious oscillation in Bmal1 protein expression oscillation in serum shocked MCF-7 cells. Bmal1 protein expression was analyzed every 4h after serum shock for 36h. Actin was used as a control of protein loading.
C):
qRT-PCR analysis revealed that MCF-7 cells did not display an obvious rhythm in Bmal RNA expression. Bmal1 RNA expression was analyzed every 4h after serum shock for 36h. 36B4 was used as reference for relative quantification of target gene mRNA. Western-blot revealed the rhythmic expression of Cyclin D1 and phosphorylated RB in serum shocked MCF-7 cell. MCF-7 cells were harvested every 4h after serum shock for 36h. The first time point (T0) was taken just after the serum shock. Actin and HSC70 were used as protein loading control to calculate Cyclin D1 and phosphorylated RB expression level at every T time (3 or 4 independent experiments). HSC70 was used as a control of protein loading to calculate pRB, Cyclin D1 and Cyclin D3 expression level at every T time.
Cytometry analysis revealed that an accumulation of cells in G1/G0 phase at T0 induced by serum shock which then released into S at T24. 
B):
Graphical resumed from cell cycle cytometry analysis illustrated the different cell cycle phase distributions of T0-T24, T12-T36 or T24-T48 EV treated serum shocked MCF-7 cells compared to their control (5 independent experiments). The whiskers go down to the smallest value and up to the largest, the line in the box is plotted at the median.
C):
Histograms depicting the relative changes in cell cycle phase distributions according to EV timing schedule. In matching up to the control, the proportion of G0/G1 phase cells were increased much more evident when EV exposure from T0 to T24 or from T24 to T48 in comparison with EV exposure from T12 to T36.
D):
Graphic resumed from the cytometry analysis revealed S6 phosphorylation level was inhibited by EV with different dosing times in serum shocked MCF-7 cell.
E):
Western-blot results showed S6 phosphorylation level was inhibited by EV with different dosing times in serum shocked MCF-7 cell. Western-blot results show that different 24h exposure schedules of EV inhibit the protein expression of phosphorylated RB, Cyclin D1, and Cyclin D3, but not of total RB and P21. Actin was used as protein loading control to calculate RB, pRB, Cyclin D1 and Cyclin D3 expression levels.
B):
Three independent western-blot results were quantified by Image J. Statistical analysis (Ttest) revealed that EV induced significant diminution of Cyclin D1, Cyclin D3 and RB phosphorylation level but not the total RB expression level.
